Abstract: We experimentally demonstrate a spectrometer, which consists of an arrayed waveguide grating (AWG), tunable microring resonator (MRR) array, and waveguide-coupled Ge-on-Si photodetector, all integrated onto a single chip. The spectrometer achieves high resolution (0.1 ± 0.029 nm) and large bandwidth (25.4 nm) in 9 channels with a small footprint of 3 × 3 mm 2 . It has high potential to enable a high-performance spectrometer for applications such as environmental monitoring, spectroscopy, biological and chemical sensing, etc.
Introduction
On-chip spectrometer has critical impact on a wide range of applications such as environmental monitoring, spectroscopy, biological and chemical sensing, astronomy [1] - [7] , etc. Leveraging the structures based on photonic integrated circuits (PIC) can dramatically reduce the size, weight and cost of spectroscopic instrumentations [8] - [14] . Besides, the availability of on-chip light sources and detectors promises a highly integrated and compact spectroscopic system [15] - [18] . There are mainly two approaches of on-chip spectrometers, i.e., Fourier transform (FT) spectrometer and dispersive spectrometer. On-chip FT spectrometer can deliver large bandwidth and high signalto-noise ratio (SNR). FT spectrometer probing temporal interferogram requires only one detection channel, but it remains a challenge to achieve high resolution either due to limited optical path difference [19] , [20] or under-sampling [21] . FT spectrometer detecting spatial interferogram [22] - [30] requires large number of detection channels to realize high resolution, degrading SNR. Hence, it is challenging to improve the resolution for the FT spectrometer. Other on-chip spectrometers reconstruct light by employing dispersive elements or tunable filters such as arrayed waveguide gratings (AWG) [5] , [7] , [8] , [31] - [34] , planar concave grating (PCG) [12] , [34] , [35] , random structures [36] and photonic crystal [37] - [40] . However, there is inherent trade-off between resolution and channel count for dispersive spectrometers. As a result, large detection channel count is still required to achieve high resolution. For example, the spectrometer using stationary MRR array requires 84 channels to achieve a relatively high resolution (0.6 nm) and large bandwidth 56 nm [41] . Besides, it relies on e-beam lithography to realize radius control and fabricate MRRs with an ultra-small radius increment (1 nm).
In this paper, an integrated spectrometer is demonstrated using an AWG and tunable MRR array. The MRR can be thermally tuned with high resolution which depends only on the linewidth (sub-nanometer level) of the MRR resonance peak. By adopting MRR array, the bandwidth is largely extended to a maximal value equal to the free spectral range (FSR, up to 100 nm) of the AWG. Therefore, high resolution as well as large bandwidth are achieved, and the channel count is dramatically reduced. Integration of multiple spectrometer elements promises even larger bandwidth for environmental monitoring, spectroscopy, biological and chemical sensing, etc.
Design and Theoretical Analysis
The schematic spectrometer is shown in Fig. 1(a) . It consists of an AWG, tunable MRR and waveguide-coupled Ge-on-Si photodetector. AWG is exploited to disperse the input broadband spectrum to a few separated spectral bands into corresponding channels. The tunable MRR in each channel reconstructs the corresponding dispersed spectrum with high resolution. By combining the reconstructed spectra from all channels, the full input spectrum can be retrieved.
The input spectrum I in (λ) is dispersed by AWG to separated spectral bands I 1 (λ), I 2 (λ), . . . , I N (λ). The channel count of AWG, N is expressed as [42] 
where FSR is free spectral range of AWG and λ ch is channel spacing. The dispersed spectral band into the MRR of Channel n is expressed as
where n is an integer (1 ≤ n ≤ N ) and f n (λ) is the envelope shaping the intensity of light into the MRR in Channel n. The tunable MRR in each channel functions as a high-resolution tunable filter to reconstruct the dispersed spectral bands. The working spectral band of an MRR denoted in Fig. 1(b) is defined as the tuning range of resonance wavelength from the initial value to the final value. The MRR working spectral bands should match the transmission spectra of the AWG such that the MRR working bandwidth equals to full width half maximum (FWHM) of transmission peak of the AWG ( Fig. 1(b) ). The working principle of a tunable MRR is shown in Fig. 1(c) . When the MRR is thermally tuned, the resonance wavelength will be shifted to λ r with respect to the initial value λ 0 . The shift λ is defined as λ r − λ 0 and λ is smaller than FSR of the MRR. Hence, when tuning the resonance wavelength in the time domain, each wavelength component in the input will be filtered and detected by the photodetector to obtain the temporal intensity P(t). The tuning power P(t) corresponds to the wavelength component λ in the reconstruction process.
The static temperature T of the MRR is proportional to the heating power P of titanium nitride (TiN) heater according to simulation results. Thus, temperature change T can be written as k T P, where k T is heating efficiency. The refractive index of both Si and SiO 2 is wavelength and temperature dependent. The effective index n eff of the quasi transverse electric (TE) mode of the waveguide depends on both the Si core and SiO 2 cladding. The effective index change is proportional to temperature excursion [20] . The resonance wavelength λ r is proportional to n eff , which is expressed as
where n g is the group index. The output light detected by the photodetector
The coefficient μ n (λ) is due to loss and dispersion during transmission, and T n (λ) is the transmission factor of the MRR in Channel n. The wavelength λ is within the working band of MRR in Channel n. As a result, the dispersed spectral band into Channel n, I in (λ) is expressed as
The factor 1/(μ n (λ)f n (λ)T n (λ)) can be obtained by proper calibration with a tunable laser source. Thus, the input spectrum I in (λ) within the working band of the MRR in Channel n is reconstructed by detecting the time-varying output light I o (λ). Since the same reconstruction processes apply to all channels, the full input spectrum I in (λ) can be retrieved by combining all the reconstructed spectra from all channels. The final resolution of the spectrometer depends on the resolution of the tunable MRR instead of the AWG channel spacing due to the ultra-narrow linewidth (∼0.076 nm here) of the MRR resonance peak. Each tunable MRR works within a certain bandwidth BW. Hence, by using paralleled tunable MRR array (N ), the working bandwidth is extended to N × BW.
Experimental Results and Discussion
The spectrometer is fabricated using silicon on insulator wafer (220 nm top Si layer) by the nanosilicon-photonic fabrication processes. The 248 nm deep ultraviolet optical lithography is used. The waveguide is firstly formed by partially etching the top Si layer. Thereafter, implantation processes with Boron into the Si substrate and contact area of photodetector are performed. Then, the Ge window is open to expose the Si substrate of photodetector and Ge is selectively grown on Si through epitaxy processes. Phosphorus is implanted into the top surface of Ge to form p-i-n type waveguidecoupled Ge-on-Si photodetector. Subsequently, an upper SiO 2 cladding layer is deposited through plasma-enhanced chemical vapor deposition process for passivation. Then TiN is formed as a resistive layer for heaters. An aluminum thin film is then patterned as electrical connection to power heaters and photodetectors.
The optical micrograph of the spectrometer is shown in Fig. 2(a) . There are 9 MRRs, namely 9 spectral channels. In each channel, a tunable MRR is cascaded with each output waveguide of the AWG and the drop port of the MRR is connected to a waveguide-coupled Ge-on-Si photodetector. Fig. 2(b) shows the optical micrograph of a fabricated AWG, which consists of input and output waveguide array, and free propagation region (FPR) in the input and output region. It has 5 input waveguides, 19 waveguides in the waveguide array and 9 output waveguides. The input waveguide aligning with the center of FPR 1 is the input port, while the other 4 input waveguides are designed as backups for different central wavelengths. Rib waveguide is designed for the waveguide array to reduce optical loss and phase error due to fabrication variation. Fig. 2(c) shows the optical micrograph of a waveguide-coupled Ge-on-Si photodetector. The time-varying electric signals from the photodetectors are read out by a laptop via a microcontroller.
The rib width of the waveguide is designed as 800 nm, the rib thickness is 220 nm and the slab thickness is 90 nm. The transmission spectra from 9 output channels of the AWG with a broadband source (Amonics ALS-CL-13B-FA) input are shown in Fig. 3(a) . The source spectrum is subtracted for normalization. The measured FSR of the AWG is 27 nm. The channel spacing is 3.306 nm. The FWHM is 2.312 nm and the crosstalk range is 13.62-16.20 dB. Fig. 3(b) shows that the resonance wavelength of the MRR in Channel 3 is red-shifted while sweeping heating power on the heater. The resonance wavelength is well fitted to heating power with a linear equation. Fig. 3(c) shows the normalized detected intensity by the photodetector with a tunable laser source (Santec TSL-550, TLS-1) input in Channel 3. Different colors indicate different input wavelengths. TLS-1 is set at one wavelength and then the photodetector detects the time-varying intensity while sweeping the heating power. Thereafter, TLS-1 is set at another wavelength for detection. The wavelength increment is 0.2 nm. The detected peaks correspond to input wavelengths. The nonconstant wavelength spacing is due to temperature variation. Hence, the wavelength of the input spectrum can be retrieved by heating power and the intensity can be retrieved by corresponding detected peak power by photodetector. The designed average radius of the MRR is 33.9 μm. The cross section is 450 × 220 nm 2 . The experimentally measured FSR of the MRR is 2.676 nm at 1555.496 nm. The linewidth is 0.076 nm at 1571.668 nm with quality factor ∼2 ×10
4 . The tuning efficiency is 0.07 nm/mW.
Seven identical MRRs are fabricated and measured when no heating power is applied. The maximal resonance wavelength variation is 1.2 nm as shown in Fig. 3(d) . It means that due to fabrication variation, the resonance wavelength cannot be precisely controlled by simply changing the dimensions of the MRR. The tunable MRR adopted here can actively control the resonance wavelength well.
For characterization of the spectrometer, TLS-1 is used. The normalized retrieved spectra from the 9 channels with TLS-1 input are shown in Fig. 4(a) . The wavelength increment is 0.2 nm. The normalized retrieved spectra from Channel 8 with TLS-1 input are shown in Fig. 4(b) . The wavelength increment is 0.1 nm. The working spectral ranges of the 9 channels add up to a total bandwidth of 25.4 nm. For resolution characterization of the spectrometer, TLS-1 and another tunable laser source (ANDO AQ4321D, TLS-2) are input simultaneously [21] , [22] . The normalized retrieved spectra from Channel 8 are shown in Fig. 4(c) . TLS-1 and TLS-2 are set at different wavelengths, i.e., 1566 and 1566.1 nm, 1566 and 1567 nm, respectively. The two wavelength components with 0.1 nm separation are differentiated. Hence, the spectrometer achieves a high resolution of 0.1 nm with a large bandwidth of 25.4 nm.
The spectrometer achieves 0.1 nm resolution and 25.4 nm bandwidth (within one FSR) with only 9 channels. The number of resolved channels (defined as the available bandwidth/minimum linewidth) is 25.4/0.1 = 254. Therefore, compared to approach either using static MRRs [41] or using an AWG [5] , [7] , [8] , [31] - [34] , both requiring large channel count achieve high resolving power, it is more compact (3 × 3 mm 2 ) and the 9 channels produces higher throughput, thereby higher SNR. High quality factor (Q) value of MRR enables ultra-fine resonance wavelength tuning. The resolution can be further improved by increasing the Q value of MRR through coupler design and fabrication optimization. The bandwidth of a single spectrometer element equals to the FSR of the AWG, which can be as large as 100 nm. The total bandwidth can be dramatically extended through a paralleled spectrometer element array. The AWG channel crosstalk will affect the SNR. For example, the crosstalk ranges in Channel n are denoted by A and B as shown in Fig. 5(a) . The working resonance position denoted in red is tuned from 0 to λ N as shown in Fig. 5(b) . Firstly, the condition is considered when the free spectral range of the MRR equals to the bandwidth of MRR working range, i.e., FSR = 1 . When the MRR is tuned to λ x , the resonance position on the left of the working position enters crosstalk range A and the resonance position on the right enters range B. When MRR tuning from λ x to λ N , the two positions will add noise to the detected power by photodetector. This noise level is increased with decreasing crosstalk value, which leads to low SNR and small dynamic range. However, when FSR = 2 , only the working resonance position exists in the working range and the two crosstalk ranges during MRR tuning. It means that when FSR > 2 , the influence of crosstalk on SNR is mitigated. Therefore, SNR will be increased with larger crosstalk value and/or optimized FSR of MRR. The experimentally detected FWHM of AWG (2.312 nm) is smaller than the FSR of the MRR (∼2.676 nm). Based on testing result, the maximum value of 2 is 5.836 nm. To increase SNR and dynamic range, the FSR of the MRR can be designed to be larger than 5.836 nm. The insertion loss of the AWG is 5.18 dB, including 3 dB fibre-chip coupling loss and 2.18 dB on-chip loss. The insertion loss of the spectrometer from the input fiber to the photodiode is ∼8.77 dB. The insertion loss can be reduced by reducing transmission loss via fabrication improvement and/or reducing the optical loss in AWG [43] to increase SNR and dynamic range. The power error origins from fiber vibration, and the wavelength error origins from temperature variation. Fiber vibration will not present when the fiber is permanently fixed to the chip. Temperature variation will affect the resonance positions of the MRRs as can be seen from. As shown in Fig. 6 , wavelength is detuned due to temperature variation, which will affect the wavelength accuracy. A Peltier plate connected to a thermoelectric controller under the spectrometer chip is exploited to stabilize the temperature.
Conclusion
In conclusion, a tunable microring resonator array-based spectrometer is experimentally demonstrated, which is integrated with the arrayed waveguide grating and waveguide-coupled Ge-on-Si photodetector array onto a single chip. The spectrometer overcomes the trade-off between resolution and channel count in existing on-chip spectrometers to realize high resolution with a few channels. The thermally tunable MRR in each channel works as a high-resolution filter to reconstruct the dispersed spectrum by the time-varying light intensity detected by the corresponding photodetector. By combining all the reconstructed spectra from all channels, the original spectrum can be retrieved. It achieves a high resolution of 0.1 nm and a large bandwidth of 25.4 nm in 9 channels with a compact size of 3 × 3 mm 2 . The bandwidth will be significantly increased when using paralleled spectrometer element array. It is promising to be applied in environmental monitoring, spectroscopy, and biological and chemical sensing.
